With their high capacity, light-metal hydrides like MgH2 remain under scrutiny as reversible H-storage materials, especially to develop control of H-desorption properties by decreasing size (ball-milling) and/or adding catalysts. By employing density functional theory and simulated annealing, we study initial H2 desorption from semi-infinite stepped rutile (110) surface and Mg31H62 nanoclusters, with(out) transitionmetal catalyst dopants (Ti or Fe). While Mg31H62structures are disordered (amorphous), the semi-infinite surfaces and nanoclusters have similar single, double, and triple H-to-metal bond configurations that yield similar H-desorption energies. Hence, there is no size effect on desorption energetics with reduction in sample size, but dopants do reduce the H-desorption energy. All desorption energies are endothermic, in contrast to a recent report.
INTRODUCTION
At 7.6 wt % H, magnesium hydride (MgH 2 ) is a natural system to study in the search for an on-board solid-state H-storage material for fuel cell automobiles. However, in light of the following U.S. Department of Energy (DOE) criteria, there are two immediate issues with MgH 2 for such application. The DOE has set thermodynamic and kinetic targets for on-board hydrogen storage; 1−3 the targets correspond to a hydrogendesorption enthalpy of ∼30 kJ/(mol H 2 ) and a hydrogen recharging time of under 5 min. The first issue, then, is that a temperature of 300°C is required for MgH 2 and a solid solution of H in Mg to coexist under a gaseous H 2 pressure of 1 bar, which, with the other temperature/pressure coexistence points, corresponds to a desorption enthalpy of 76 kJ/(mol H 2 ), 4,5 well above the desired target. Second, with a hydrogen pressure of 10 bar, it takes ∼50 min to reach half of Mg's storage capacity at 300°C, well outside the target recharging time. 6 Sufficient insight to tune the thermodynamic and/or kinetic behavior of the MgH 2 prototype (or related systems) compatible with H-storage material targets for automotive use remains open (see recent reviews 1, 7, 8 ) and is the focus of the present study of equilibrium properties.
Various directions have been explored for solid-state Hstorage systems in efforts to meet the on-board H-storage targets. One approach is to develop either a means to destabilize the reactants (the fully hydrated solid in the tank) or to stabilize the products; 9,10 both serve to decrease the enthalpy of H 2 release. However, with more exotic mixtures, it becomes increasingly likely that unexpected intermediate species will appear during sorption reactions; one must watch for a particularly stable intermediate that impacts or prevents recycling. 11 Also, including additives into energy-dense storage systems creates a trade-off between introducing heavy atoms and the high H-energy density. 12 A second approach adds new species to the system to improve the kinetics of H sorption. 13, 14 Here, the same tradeoff applies between introducing heavy atoms and H-energy density; of course, as the former goes up, the latter goes down. In practice, depending on the type of additive and its concentration, there might be an impact on the kinetics, on the thermodynamics, or on both. Finally, one can explore if any size or geometric changes in the storage material influence its thermodynamic or kinetic properties. 12, 15 Here, to address some of the outstanding issues that remain for MgH 2 systems, 7, 8, 16 we directly address H-desorption enthalpies, and the energetics for breaking H−metal bonds within MgH 2 with(out) catalytic dopants. To assess size effects, e.g., relevant to ball-milled samples, we report these results for stable nanocluster geometries (found via first-principles simulated annealing) and for semi-infinite bulk surfaces, both on a terrace and step edge.
COMPUTATIONAL DETAILS
We perform DFT total-energy calculations with the Vienna ab initio Simulation Package (VASP) 17−20 employing a plane-wave basis-set and the projector augmented wave (PAW) method. 21 We used a 400 eV kinetic energy cutoff and 8 × 8 × 12 (1 × 1 × 1, or Γ) k-point mesh for bulk (cluster) calculations. For Mg 31 H 62 clusters, calculations were done using a (20 Å) 3 supercell with a minimum vacuum spacing of at least 5 Å. For all calculations, forces were converged below 0.02 eV/Å. Spinpolarized calculations were performed for systems with transition-metal dopants. Perdew−Wang generalized gradient approximation (PW91) 22 was used for the exchange-correlation functional; the same has been used to predict hydrogen-storage reactions 23 and structure 24 that match observation. A study of GGA in VASP using many metal-hydrides, including MgH 2 , showed that this choice of exchange-correlation yields results that compare well to experimental formation enthalpies. 25 The bulk lattice parameters and formation energy (including zeropoint (ZP) energy) for rutile MgH 2 calculated in DFT-PW91, see Table 1 , are in very good agreement with experiment 26, 27 and other DFT 23, 28 and quantum Monte Carlo 29,30 (which, in principle, are exact) calculations. For structural energy differences at fixed stoichiometry, e.g., from relaxation or configurational changes, the effects of ZP energy effectively cancel. Trends from PW91 versus size (cluster to bulk) without ZP energy are identical to QMC 30 but lower by ∼10 kJ/(mol H 2 ).
For simulated annealing, the following process was repeated iteratively. To explore the large configurational space for possible low-energy structures, we performed ab initio molecular dynamics (MD) for 200 steps with a time step of 10 fs using the Nose−Hoover thermostat at 1000 K. All atomic masses were set to 195 au to explore coordinate arrangements efficiently. Low-energy candidate configurations obtained from the potential energy versus time were fully relaxed at 0 K with proper masses. Low-energy configurations found in this way were then used as input for the next iteration, which provides reliable convergence toward lowest-energy structures. 32 A semi-infinite surface slab was used to model the rutile MgH 2 (110) surface, which can be viewed as the stacking of H− Mg−H trilayer (TL) units in the ⟨110⟩ direction; three TLs were used. All of these (110) surface calculations were done in a (4 × 2) supercell with atoms in the bottom TL fixed to their bulk-terminated positions. The vacuum spacing between the neighboring slabs is at least 12 Å. The dipole energy correction for the rutile MgH 2 (110) surface was negligible at 0.06 meV.
Simulated annealing was applied to search for low-energy reconstructed configurations for the Ti-doped MgH 2 (110) surface. We found a low-energy structure with a triply bonded surface H (the Ti was swapped with Fe after annealing). 32 For the step edge, a (4 × 2) supercell containing 5 TLs was used. No atoms were frozen, and the step was created by the intersection of a (110) terrace and an (001) surface. The vacuum spacing on the step edge is 13 Å. The simulated annealing procedure was critical in finding low-energy stable configurations for desorption calculations.
For bulk-terminated Mg 31 H 62 , the inner part of the cluster has a rutile structure, and the surface had additional H added to saturate the dangling bonds and maintain the proper stoichiometry. Simulated annealing on this structure reveals that it is unstable to the amorphous cluster.
For clusters, all single-site H-desorption energies reported were calculated as
where X = Mg, Ti, or Fe. For the cluster, n is 31; for the semiinfinite (step edge) surface supercell with periodic boundary conditions, n is 48 (80). Depending upon the number of the local H-to-metal bonds, H-desorption energy can be significantly different. The bulk formation energy (Table 1) is calculated as 
Wagemans et al. 31 reported a DFT value with ZP energies of 70 kJ/(mol H 2 ) for complete desorption from Mg 30 H 60 , roughly that for bulk MgH 2 , see Table 1 . We found a similar result for desorption (energy difference). We also confirmed a less than 12 kJ/(mol H 2 ) effect from ZP energies on bulk MgH 2 . As such, to avoid the computational cost for each such calculation, we report our results without ZP energies.
RESULTS
To understand the controlling factors for hydride recycling properties, we present the effect of size and doping on the Hdesorption. To accomplish this, we first present results from semi-infinite surfaces in section 3.1, i.e., both a terrace (where H is bonded to multiple metal atoms) and a step (where H is bonded to one metal atom); then we present results from stable amorphous nanoclusters in section 3.2. In section 3.3, we discuss the effects of size for (un)doped cases. In section 3.4, we discuss technical issues that result in spurious exothermic desorption energies when using finite, bulk-terminated clusters as representatives for stable nanoparticles, as done recently 33 for (un)doped MgH 2 . In each section, we also address how dopants affect H-desorption energy on cluster or semi-infinite surfaces. 34 have studied Hdesorption on MgH 2 (110) but not for stepped surfaces, which is more relevant to experiment and nanoclusters exhibiting singly bonded H. Therefore, we calculated the H-desorption energies from the MgH 2 step edge formed between a (110) and a (001) surface, see Figure 1 , with H singly bonded to Mg.
Before H-desorption, the curved arrows on the stepped structure indicate how two singly bonded H's are oriented to create a stable step edge. The second (110) terrace is formed by a step-translation vector of the lower terrace. The Hdesorption energy for the singly bonded H on this step edge is 140 kJ/(mol H 2 ).
A doubly bonded H exists on the lowest-energy (110) surface of MgH 2 , the terraces of a stepped surface. Figure 2 shows a doubly bonded H leaving from the undoped and Tidoped (110) surface; they have desorption energies of 231 and 193 kJ/(mol H 2 ), respectively. We find a triply bonded H on the Fe-doped reconstructed (110) surface, see Figure 3 , yielding a H-desorption energy of 199 kJ/(mol H 2 ). We have reported elsewhere testing showing the preference for a Ti dopant to occupy a surface site on the MgH 2 surface. 35 Dopants on surface sites allow comparison to H-desorption from a doped (93 atom) nanocluster. For Fedoping, we used a Ti-doped simulated-annealing result, replaced Ti by Fe, and then performed a full ionic relaxation. As we show below, triply bonded H is also found in Fe-doped amorphous Mg 31 H 62 . For the step edge and terraces on rutile (110) surfaces, we synopsized the (un)doped H-desorption energies in Table 2 for each bonding configuration. Figure 4 , a simulated annealing result, shows four different views of a Mg 31 H 62 amorphous cluster (one with a singly bonded H that will be compared to the singly bonded H at a step). This Mg 31 H 62 amorphous structure is 4.86 eV lower than its bulk-terminated counterpart, see section 3.4. Observe that the cluster has crowns topping off pockmarks on the surface of the particle. For recharging, assuming an amenable We highlighted several of the crowns in Figure 4 . Although the pockmarks have no symmetry and the overall structure certainly appears amorphous, the local structure (focus on a single surface H) reveals a doubly bonded bridging H not unlike that found for the doubly bonded H on the MgH 2 (110). The local rutile bonding feature is preserved even in the amorphous structure. The calculated Mg−H pair distribution function for Mg 31 H 62 shows Mg−H bond lengths between 1.731 and 2.78 Å, with an average value of 1.96 Å versus 1.869 Å for the bulk rutile.
In Figure 5a , one of the many doubly bonded H's is shown, and it has a desorption energy of 252 kJ/(mol H 2 ); due to different local environments, the doubly bonded H-desorption energies studied on this structure range from 231 to 260 kJ/ (mol H 2 ), similar to the bulk surface value of 231 kJ/(mol H 2 ). However, one of the H's atop the craters of this cluster breaks the pattern; this singly bonded H, see Figure 6 , has a desorption energy of 148 kJ/(mol H 2 ), which also compares well with the singly bonded H desorption from the bulk step edge surface of 140 kJ/(mol H 2 ). Hence, for undoped cases, the amorphous cluster and the bulk surface have no significant difference in ΔE H des . For Ti-and Fe-doped MgH 2 , shown in Figures 5b and 7 , respectively, the lowest-energy structure we found is also amorphous with locally rutile bonding features on the crowns causing the majority of those H's to be doubly bonded. Figure  5b shows that desorption of one of the doubly bonded H's from the Ti site has a desorption energy of 188 kJ/(mol H 2 ), a reduction of 58 kJ/(mol H 2 ), or 24% from the average of the undoped samples. For the Fe-doped amorphous cluster, Figure  7 , the average triply bonded H desorption [from the Fe site] value is 221 kJ/(mol H 2 ), which is lower than the average for the undoped samples by 25 kJ/(mol H 2 ), a reduction of 10%. Clearly doping with Ti is effective in affecting the local bonding. Tables 2 and 3 (Table 3 appears in the Supporting Information).
The three cases showing desorption of singly bonded H from pure MgH 2 are amorphous, step-edged surface, and bulkterminated clusters. The singly bonded H desorption from pure MgH 2 was the exceptional case where the bulk-terminated structure did not collapse (see section 3.4). All three cases show about the same desorption value of 142 kJ/(mol H 2 ). They differ from one another by less than 10 kJ/(mol H 2 ). This small change in H desorption energy shows little or no size effect. Four doubly bonded H's, chosen from the many doubly bonded H's on the amorphous Mg 31 H 62 , are shown to have desorption energies close to that of the doubly bonded H from the (110) surface. The fact that H-desorption energy for the (110) surface is at the lower bound of the four values from the amorphous cluster shows that the maximum difference of desorption energies within the same cluster is greater than or equal to the difference between the semi-infinite surface value and a cluster value. The difference between the average value from the clusters and the value from the (110) surface is smaller than 15 kJ/(mol H 2 ). This size effect is very small, on the order of zero-point energy.
The results from the Ti-doped amorphous cluster and Tidoped (110) surface are very close, indicating no size effect in doped MgH 2 systems. But, comparing the undoped and Tidoped amorphous cluster, there is a reduction in desorption energy of 58 kJ/(mol-H 2 ), a 24% drop. So, the catalytic dopant has a significant effect on the local metal-H bonding.
Lastly, for Fe-doped systems, the triply bonded H on the amorphous cluster and the reconstructed (110) surface both have a spread in desorption energies. The average in each case is close to the same value of 225 kJ/(mol H 2 ). This shows no size effect from another viewpoint: a large spread in each case indicates that the H bonding is indeed a local feature, explaining why only shrinking the overall size of the system from semi-infinite surface to a finite cluster has little effect on the local H bonding.
3.4. Bulk-Terminated Clusters: Spurious Exothermic Results. The stable bulk-terminated, 31 atom formula-unit cluster previously used to model 33 a MgH 2 nanocluster is, in fact, inherently unstable to an amorphous form, which, as shown above, is 4.86 eV lower in energy. As such, energy differences between an initial and final state from a bulkterminated cluster do not reflect the physical desorption energetics, and spurious exothermic results can arise due to large relaxations associated with H desorption from clusters that are in a high-energy metastable state before desorption. For completeness, we reproduced these results and detailed their origin. To save space and focus on our key results, full details on this matter are provided in a section of the same name in our Supporting Information. For simplicity, the table and figure numbering within the Supporting Information continues as if the material were presented here.
KINETIC BARRIERS AND FUTURE CALCULATIONS
When the local bonding effects are explored in structures that are global minima, e.g., amorphous clusters, the desorption of a single H from the MgH 2 (stepped) surfaces or clusters, regardless of size, and with(out) a catalytic impurity, are consistently endothermic. How the kinetic barriers change (hopefully decrease) with dopant and size are key for altering the properties favorably for storage and release. What remains is the comparison of kinetic barriers from the amorphous clusters and from the stepped surfaces, a study that is ongoing.
Our preliminary climbing-image nudged elastic band 37, 38 results in a barrier of 1.85 eV for H 2 desorption involving two bridging H's (initially on opposing sides of the crown) from amorphous Mg 31 H 62 , one of many possible pairs. For completeness, we must incorporate statistics on the geometrically unique desorption sites on the cluster. For bulk, Du et al. 34 studied the kinetic barriers involving desorption from a bridging H site (BH) and an in-plane H site (PH) on MgH 2 (110) surface and found a barrier of 1.78 eV. We have calculated 35 the desorption barriers (activation energies) on (un)doped MgH 2 (110) and found a BH−PH barrier of 1.83 eV for the undoped case, and a 22% barrier reduction to 1.42 eV with Ti-doping. The decrease of the H 2 desorption barrier by 0.41 eV due to a Ti dopant (2 at. % Ti) agrees with a recent experiment 39 reporting a decrease of 0.46 eV (an 18% reduction) for ball-milled MgH 2 mixed with 1 at. % Ti. Hence, we have a very good representation of not only the thermodynamics but also the kinetics of desorption from MgH 2 .
The amorphous Mg 31 H 62 has numerous indentations with positive curvature. Identifying the class of structures and storage materials with similar curvature may be beneficial. Along with the appropriate catalytic impurities, these structures might be tuned for capturing H 2 during recharging, due to the steric influence in the indentations. Also, with a little reflection, one can see that any small cluster (up to a few hundred atoms) with a surface made up of indentations of positive curvature cannot have many atoms in its center, which reduces the diffusion distance for H. 
CONCLUSIONS
We have provided a very good representation of the thermodynamics and kinetics of H desorption from MgH 2 . We have given examples of stepped surfaces and nanoclusters, as well as full H-desorption, as compared to experiment. Using DFT simulations, we demonstrated that local bonding controls the initial H-desorption energy from any stable MgH 2 surface or stable cluster configuration. The desorption energy is ruled not by whether H is removed from semi-infinite surfaces or an amorphous nanocluster, but instead by how many metal atoms to which the desorbing H is attached; namely, for undoped singly bonded (doubly bonded) H, the desorption energy is ∼140 kJ/(mol H 2 ) (∼240 kJ/(mol H 2 )). Kinetic barriers also remain similar between undoped bulk and nanoclusters, i.e., ∼1.83 eV. Hence, for removing a single surface H from MgH 2 , there is generally no effect from sample size on desorption energy; so the utility of ball milling is that it increases surfaceto-volume ratio and distributes added dopants. For doped cases, e.g., Ti, we find a reduction on desorption energetics (−24%) and barriers (−22%) as observed, showing that transition-metal dopants do provide a catalytic effect on H desorption. 
